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To achieve a net-neutral coordination unit in radiopharmaceuticals with a fac-M(CO)s* core (M = Tc, Re), facially
coordinated monoanionic tridentate ligands are needed. New neutral fac-Re(CO)sL complexes were obtained by
treating fac-[Re(CO)3(H20)s]* with unsymmetrical tridentate NNN donor ligands (LH) based primarily on a
diethylenetriamine (dien) moiety with an aromatic group linked to a terminal nitrogen through a sulfonamide. LHs
contain 2,4,6-trimethylbenzenesulfonyl (tmbSO,) and 5-(dimethylamino)naphthalene-1-sulfonyl (DNS) groups. X-ray
crystallographic and NMR analyses confirm that in both the solid and the solution states all L~ in fac-Re(CO)sL
complexes are bound in a tridentate fashion with one donor being nitrogen from a deprotonated sulfonamido
group. Another fundamental property that is important in radiopharmaceuticals is shape, which in turn depends on
ring pucker. For L~ = tmbSO,-dien—, tmbSO,-N'-Medien~, and tmbSO,-N,N-Medien~, the two chelate rings have
a different pucker chirality, as is commonly found for a broad range of metal complexes. However, for fac-Re-
(CO)3(DNS-dien), both chelate rings have the same pucker chirality because the sulfonamido ring has an unusual
pucker for the absolute configuration at Re; a finding that is attributable to intramolecular and intermolecular hydrogen
bonds from the sulfonamido oxygens to the NH, groups. Averaging of tmb NMR signals, even at —90 °C for
Re(CO)3(tmbSO,-N,N-Me,dien), indicates rapid dynamic motion in the complexes with this group. However,
examination of the structures suggests that free rotation about the S—C(tmb) bond is not possible but that concerted
coupled rotations about the N-S and the S—C bonds can explain the NMR data.

Introduction coordinated ligand are more robust and have better pharma-

Metal nuclide radiopharmaceuticals contain a metal core Cokinetic profiles than agents bearing bidentate ligénds.
and an inner ligating unit, usually having chelate rings. We Commonly employed chelating ligands (e.g., diethylenetri-
refer to this part of the agent as a label, and the important@mine (dien}, cysteine-based ligands, and homocysteine-
properties of the label, which influence biological behavior, Pased ligand&) contain nitrogen, oxygen, or sulfur donor
are the charge and overall shape. Technetium-J9 ¢) atoms in groups such as carbox}isimines;*™*° nitrogen
is the most widely used diagnostic radionuclide in nuclear heterocycles; ¢ and thioetherg?1:16:17
medicinel~* {%™Tc(V)O} 3 has been the metal core used  An important approach in the development of smalb(
most predominantly, but recently the development of the kDa) metal nuclide radiopharmaceuticals is the bioconjuga-
advantageous®{"Tc(COx(H.0)s] " precursor has opened — - -
new directions for radiolabelirgy? Schibli et al. showed that ~ © ?'bAe.”JOI’ ARr'T;].Sg?]'g]'q'.Rs'giggﬁzsq"%%%f;g%&; Abram, U.; Kaden,

agents with thdac*°"Tc(I)(CO)* core bearing a tridentate-  (7) Schibli, R.; Alberto, R.; Abram, U.; Abram, S.; Egli, A.; Schubiger,
P. A.; Kaden, T. Alnorg. Chem.1998 37, 3509-3516.
*To whom correspondence should be addressed. E-mail: Imarzil@Isu.edu. (8) Schibli, R.; La Bella, R.; Alberto, R.; Garcia-Garayoa, E.; Ortner, K.;

(1) Schwochau, KAngew. Chem., Int. Ed. Engl994 33, 2258-2267. Abram, U.; Schubiger, P. ABioconjugate Chem200Q 11, 345—

(2) Schibli, R.; Schubiger, P. Azur. J. Nucl. Med. Mol. Imagin@002 351.
29, 1529-1542. (9) Mundwiler, S.; Candreia, L.; Hafliger, P.; Ortner, K.; Alberto, R.

(3) Jurisson, S. S.; Lydon, J. @hem. Re. 1999 99, 2205-2218. Bioconjugate Chen004 15, 195-202.

(4) Bandoli, G.; Tisato, F.; Dolmella, A.; Agostini, Eoord. Chem. Re (10) He, H.; Lipowska, M.; Xu, X.; Taylor, A. T.; Carlone, M.; Marzilli,
2006 250, 561-573. L. G. Inorg. Chem.2005 44, 5437-5446.

(5) Alberto, R.; Schibli, R.; Schubiger, A. P.; Abram, U.; Pietzsch, H. J.; (11) He, H.; Lipowska, M.; Xu, X.; Taylor, A. T.; Marzilli, L. Glnorg.
Johannsen, BJ. Am. Chem. S0d.999 121, 6076-6077. Chem.2007, 46, 3385-3394.
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Neutral Re(l) Sulfonamido Complexes
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Figure 1. Ligands used in this studyN-[2-(2-dimethylaminoethylamino)-ethyl]-2,4,6-trimethylbenzenesulfonamide (trpd§-Me.dienH); N-{2-[(2-
aminoethyl)-methylamino]-eth}42,4,6-trimethylbenzenesulfonamide (tmbS0-MedienH);N-[2-(2-aminoethylamino)-ethyl]-2,4,6-trimethylbenzenesulfona-
mide (tmbSG-dienH); andN-[3-(3-aminopropylamino)-propyl]-2,4,6-trimethylbenzenesulfonamide (tmbSnH).

tion of a net-neutral label to hormones, small peptides?%tc.  The nonradioactivefac-[Re(CO}(H,0)s]* analogue is
For fac-*"Tc(1)(CO)%* agents, the ligand(s) occupying the useful in understanding the chemistry of agents derived from
three remaining coordination sites must have one negativethe P°"Tc(CO)(H.0)s]" species?® As a prelude to radio-
group close to the metal, for net neutrality. A coordinated pharmaceutical studies, we analyzed a series of new Re-
carboxylate group provides such a unit, but it does not (CO)L complexes formed by treatingac-Re(CO}(H20)s] *
provide a point for ligand elaboration or for bioconjugation. Wwith four new ligandsLH, bearing a sulfonamide group
Consequently, there is a need to evaluate other groups within(Figure 1). These ligands, tmb®,N-Me.dienH, tmbSG-
tridentate monoanionic ligands. In this study, we explore N'-MedienH, tmbS@dienH, and tmbS@dipnH, bind in a
ligands that provide one metal-bound negative group and tridentate fashion involving one nitrogen of a monoanionic
offer a diverse chemistry, allowing bioconjugation via deprotonated sulfonamido group. The hydrogens in the ligand
internal ligand atoms or via a seldom-used negative terminal "@mes (cf. the caption of Figure 1) designate the sulfonamide
ligating group?! We use ligands containing the sulfonamide NH proto_n that |s_absent in the deprqtonated bound ligand.
group, which has been shown to bind well to several We provide the first detailed analysis of X-ray structures

metals?-2° but Tc complexes with this group have not been With @ sulfonamido group bound to Re.

studied. Given the promise of tif€"Tc(COxL agents ™ = a
facially coordinated tridentate ligand), it is clearly important
(12) Lipowska, M.; Hansen, L; Marzilli, L. G.; Taylor, Al Nucl. Med. {0 understand how the ligand pucker depends on the various
2001, 42, 259P-259P. _ ~ components that can influence it (donor atoms, chains linking
(13) IﬁlpgvﬁﬁgMér%mé%ﬁz{irga%gl?x%;' L Taylor, A. T Marzilli,  these atoms, exocyclic substituents, etc.). Because the
(14) Wei, L.; Babich, J. W.; Ouellette, W.; Zubieta,Idorg. Chem2006 chelate-ring atoms act as a fulcrum, the configuration of
15 i?, 305877?506?- A Corteia. 1. D. G- Gano. L. Smith C. J.- Hoff asymmetric centers, the shape, and the conformation of
(15) Alves, S, Pau ?éioéon?l;geall?é Chenpooe 16 aamag V7 1O the rings can have a large effect on the overall shape of the
(16) Alves, S.; Paulo, A.; Correia, J. D. G.; Domingos, A.; Santod, . agent and, hence, on its biological activity.
Chem. Soc., Dalton Tran@002 4714-4719. _ri i
(17) Vitor, R. F.; Alves, S.; Correia, J. D. G.; Paulo, A.; Santos).l. AIthOUgh chelate rng pucker_and faCt0r$ affectlng put_:ker
Organomet. Chen004 689, 4764-4774. have not been thoroughly examined for radiopharmaceuticals,

(18) MOLrJ]ra, C, iernandes(,j 8h Gano, IL.; PCahqu, A Saantos,ll. In extensive structural information exists for a large number
TechnetiumRhenium and Other Metals in Chemistry and Nuclear ; o : :
Medicine Mazzi, U., Ed.; SGEditoriali: Padova, Italy, 2006; Vol. 7, of complexes with Oth_er metals Conta,mm_g chelate rings with
pp 101-102. an ethylene group bridge between ligating atoms. Many of

(19) Fernandes, C.; Gano, L.; Bourkoula, A.; Pirmettis, |.; Santos, . In - these structures have been analyzed using principal compo-
TechnetiumRhenium and Other Metals in Chemistry and Nuclear t lvsi d oth thads” Wh diethvl
Medicing Mazzi, U., Ed.; SGEditoriali: Padova, Italy, 2006; Vol. 7, nent analysis (pca) and other me : en aietnyl-

p 487-490. _ o enetriamine-type ligands bind to a metal center in a tridentate
(20) Igg’gogf?gé_hggg D.; Fritzberg, A. R.; Christian, P.ENucl. Med.  fashion, the pucker of the two five-membered chelate rings
(21) Mundwiler, S.; Waibel, R.; Spingler, B.; Kunze, S.; Alberto NRicl. can have enh(‘?‘ﬁ or A chirality (Chfirt 1)1. |ef_id|ng to four
Med. Biol.2005 32, 473-484. possible combinations of chelate-ring chiralitya, 16, A4,

(22) Goodwin, J. M.; Olmstead, M. M.; Patten, T. E.Am. Chem. Soc. and 8o
2004 126, 14352-14353. )
(23) Prodi, L.; Montalti, M.; Zaccheroni, N.; Dallavalle, F.; Folesani, G.;

Lanfranchi, M.; Corradini, R.; Pagliari, S.; Marchelli, Relv. Chim. (30) Harris, S. E.; Pascual, I.; Orpen, A. &.Chem. Soc., Dalton Trans.
Acta 2001, 84, 690-706. 2001, 2996-3009.
(24) Congreve, A.; Kataky, R.; Knell, M.; Parker, D.; Puschmann, H.; (31) Rodfguez, V.; Gutierez-Zorrilla, J. M.; Vitoria, P.; Luque, A.; Rohma
Senanayake, K.; Wylie, LNew J. Chem2003 27, 98—106. P.; Martnez-Ripoll, M.Inorg. Chim. Actal999 290 57—63.
(25) Evans, C.; Henderson, W.; Nicholson, B.IKorg. Chim. Acta2001, (32) Orpen, A. GChem. Soc. Re 1993 22, 191-197.
314 42—48. (33) Schmidtke, H. H.; Garthoff, Dlnorg. Chim. Actal968 2, 351—
(26) Christoforou, A. M.; Marzilli, P. A.; Marzilli, L. Glnorg. Chem2006 356.
45, 6771-6781. (34) Konno, M.; Marumo, F.; Saito, YActa Crystallogr., Sect. B1973
(27) Carvalho, M. F. N. N.; Consiglieri, A. C.; Duarte, M. T.; Galvao, A. 29, 739-744.
M.; Pombeiro, A. J. L.; Herrmann, Raorg. Chem1993 32, 5160~ (35) Kobayashi, A.; Marumo, F.; Saito, YActa Crystallogr., Sect. B:
5164. 1972 28, 3591-3595.
(28) Heiden, Z. M.; Rauchfuss, T. B. Am. Chem. So2006 128 13048~ (36) Bond, A. M.; Hambley, T. W.; Snow, M. Rnorg. Chem1985 24,
13049. 1920.
(29) Murata, K.; Ikariya, T.; Noyori, RJ. Org. Chem1999 64, 2186~ (37) Okiyama, K.; Sato, S.; Saito, YActa Crystallogr., Sect. Bt979 35,
2187. 2389-2392.
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Chart 1 Synthesis of Re(COJL. The crude ligands,.H, were synthe-

%C C§f sized by a slight modification of the method of Krapcho and Ktfell.
N QC>N N<y N A solution of the sulfonyl (tmbSgCl) or acetyl chloride (tmbCOCI)
C

(~5 mmol, 100 mL of dioxane) was added dropwise over the course
3 A of abou 2 h to asolution of the amine~50 mmol, 100 mL of
dioxane). The reaction mixture was stirred at room temperature
In pca studies of X-ray structures from the Cambridge for 10 h. The dioxane was completely removed under a vacuum,
Structural Database (CSD) of [M(dieh)" (M = Ni, Co, and water (50 mL) was added. The product was extracted inte CH
Zn, Cu, Cr, Rh, and I#} and of [M(dien)L;]32 complexes Cl, (2 x 100 mL), and the solvent was removed under rotary
and M(dien) fragment® the 51 and 16 conformation evaporation. The oil thus obtained was used to s_ynthesize the Re-
combinations were found much more frequently than com- (COXL complexes as follows: an aqueous solution of [Re(c0)
binations with the same pucker chirality and A1). On (H20)3] ™ (10 mL, 0.1 mmol) was treated with a methanol (1 mL)
the other hand, Schmidtke and Gartidfuggested that, solution of the ligand (0.1 mmol). The pH was adjustec-1,

b f . ff f the hvd fth and the reaction mixture was heated at reflux for 10 h and then
ecause of steric effects of the hydrogen atoms of t € allowed to cool at room temperature, and the pH was increased to

ethylene chainsfac coordination would favor &¢ or A4 ~7. The resulting white solid that precipitated was collected on a
combination. Thus, factors influencing pucker (which inturn fiiter, washed with water, and dried under a vacuum.

affect shape) are not well understood, and in a recent study, Re(CO)(tmbSO,-N,N-Me.dien) (1). The general method just
we found that the rings have the same pucker in complexesdescribed, with tmbS£ZI (1 g) andN,N-Me.dien (6.5 mL), yielded

of lanthionine (LANH).!* The new Re(CQ). complexes the crude tmbS®N,N-Me,dienH ligand (750 mg, 51% yield}H
studied here offer the opportunity to determine how wide- NMR (ppm) in CDCE: 6.94 (s, 2H), 2.90 (t, 2H, C§), 2.66 (t,

spread is the occurrence 6 andA4 combinations. 2H, CHy), 2.64 (s, 6H, Ch), 2.55 (t, 2H, CH), 2.33 (t, 2H, CH)),
2.29 (s, 3H, CH), 2.20 (s, 6H, NCH). Treatment of [Re(CQ)
Experimental Section (H20)3]" (0.1 mmol) with tmbS@N,N-Me,dienH (32 mg) as

described above afforded Re(G@NbSQ-N,N-Me,dien) as a white
powder (26 mg, 44% yield). Crystals obtained by slow evaporation
from methanol were characterized by single-crystal X-ray crystal-
lography.’H NMR (ppm) spectrum in acetorgy: 6.91 (s, 2H),
6.17 (b, 1H, N2H), 3.543.10 (m, 6H, CH), 3.10 (s, 6H, N-CHj),
2.70 (s, 6H, CH), 2.59 (m, 2H, CH), 2.24 (s, 3H, ChH).
Re(CO)(tmbS0O,-N'-Medien) (2). The general method, with
tmbSQCI (1 g) andN'-Medien (6 mL), afforded the crude tmbgO

Starting Materials. N,N-dimethyldiethylenetriamine\,N-Me,-
dien) from Ames Laboratoriedl-methyl-2,2-diaminodiethylamine
(N'-Medien) from TCI America, and bis(3-aminopropyl)amine
(dipn), dien, 2-mesitylenesulfonyl chloride (tmb&), dansyl
chloride (DNS-CI), and Rg(CO),, from Aldrich were all used as
received. The DNS-dienH ligand\{(2-((2-aminoethyl)amino)-
ethyl)-5-(dimethylamino)naphthalene-1-sulfonamiéiehd the [Re-

10 — tri
(COX(H,0);]OTfL (OTF = trifluoromethanesulfonate) precursor N'-MedienH ligand (650 mg, 48% yieldiH NMR (ppm) in

were prepared by known methods. CDCls: 6.95 (s, 2H), 2.93 (t, 2H, CH, 2.75 (t, 2H, CH), 2.64 (s,
Physical Measurements!H NMR spectra were recorded on 6H, CHy), 2.44 (t, 2H, CH), 2.38 (t, 2H, CH), 2.29 (s, 3H, CH),
either a 300 MHz or a 400 MHz spectrometer. Peak positions are 2.08 (s, 3H, N-CHs). Treatment of [Re(CQJH;0)s]* (0.1 mmol)
relative to tetramethylsilane (TMS) or the solvent residual peak with tmbSQ-N'-MedienH (30 mg) as described above afforded Re-
with TMS as reference. All of the NMR data were processed with (COX%(tmbSQ-N'-Medien) as a white powder (24 mg, 42% yield).

XWINNMR and Mestre-C software. IR spectra were recorded on cystals obtained by slow evaporation from acetone were character-
a Bruker TENSOR 37 spectrometer, and the values for the CO ized by single-crystal X-ray crystallographyd NMR (ppm)

stretching frequencies are given in the Supporting Information. spectrum in acetonds. 6.91 (s, 2H), 4.94 (b, 1H, N1H), 3.87 (b,
X-ray Data Collection and Structure Determination. All of 1H, N1H), 3.42-3.53 (m, 3H, CH), 3.24 (s, 3H, N-CHg), 3.01—
the single crystals suitable for X-ray crystallography were obtained 318 (m, 5H, CH), 2.64 (s, 6H, CH), 2.24 (s, 3H, CH).
by slow evaporation from acetone or methanol. Single crystals were  Re(CO)(tmbSO,-dien) (3). The general method, with tmbSO
placed in a cooled nitrogen gas streamr&t00 K on a Nonius | (1 g) and dien (5.2 mL), yielded the crude tmhStenH ligand
Kappa CCD diffractometer fitted with an Oxford Cryostream cooler (600 mg, 54% yield)!H NMR (ppm) in CDCh: 6.93 (s, 2H), 2.92
with graphite-monochromated Mook(0.71073 A) radiation. Data (t, 2H, CHy), 2.73 (t, 2H, CH), 2.67 (t, 2H, CH), 2.63 (s, 6H,
reduction included absorption corrections by the multiscan method, CHy), 2.59 (t, 2H, CH), 2.28 (s, 3H, CH). Treatment of [Re(CQ)
with HKL SCALEPACK 3 All of the X-ray structures were  (H,0)]* (0.1 mmol) with tmbS@-dienH (31.2 mg) as described
determined by direct methods and difference Fourier techniques above afforded Re(CQImbSQ-dien) as a white powder (21 mg,
andrefined by full-matrix least-squares techniques, using SHELXL97.  38% yield). Crystals obtained by slow evaporation from methanol
All of the non-hydrogen atoms were refined anisotropically. All of were characterized by single-crystal X-ray crystallograpHyNMR
the hydrogen atoms were visible in difference maps, but were placed(ppm) spectrum in acetorgy: 6.90 (s, 2H), 6.17 (b, 1H, N2H),
in idealized positions. One methyl group (C17)%dfas its hydrogen 4.75 (b, 1H, N1H), 3.98 (b, 1H, N1H), 3.38.00 (m, 8H, CH),
atoms disordered into a doughnut of electron density, which was 2.65 (s, 6H, CH), 2.24 (s, 3H, CH).
modeled as six half-populated positions. A torsional parameter was Re(CO)(tmbSO,-dipn) (5). The general method, with tmb$O
refined for each methyl group. and Mercury Software was used as Cl (1 g) and dipn (6 mL), produced the crude tm&iipnH ligand
an aid for measuring structural parameters. (600 mg, 42% yield)*H NMR (ppm) in CDCk: 6.94 (s, 2H), 2.98
(t, 2H, CH), 2.76 (t, 2H, CH), 2.71 (t, 2H, CH), 2.63 (t, 2H,
(38) Corradini, R.; Dossena, A.; Galaverna, G.; Marchelli, R.; Panagia, CH,), 2.63 (s, 6H, CH), 2.29 (s, 3H, CH), 1.62 (m, 4H, CH).

(39) gtws r?chtO;'kG;' Ol\/rlgrio(r:h\ilml\%ggér?wzc;lggglg_rGCZrE;gs'talIographyPart Treatment of [Re(CQJHzO)]" (0.1 mmol) with tmbS@dipnH
inowski, Z.; Minor, W. u : ;
A; New York Academic Press: New York, 1997; Vol. 276. (32 mg) as described above afforded Re({@)bSQ-dipn) as a

(40) Sheldrick, G. M. InProgram for Crystal Structure Solution and
RefinementUniversity of Gdtingen: Gitingen, Germany, 1997. (41) Krapcho, A. P.; Kuell, C. SSynth. CommuriL99Q 20, 2559-2564.
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Figure 2. Perspective drawings of the S configuration of Re(&@bSQ-N,N-Mezdien) (1), Re(CO}(tmbSQ-N'-Medien) @), Re(CO}(tmbSQ-dien)
(3), and Re(COYtmbSQ-dipn) (5). Thermal ellipsoids are drawn with 50% probability.

Table 1. Crystal Data and Structural Refinement for Re(glO)
Complexes in which. ~ Contains a Sulfonamido Group

Re(CO}L complex

1 2 3 5
empirical CigHoeN3-  Ci7H2aN3Os- CieH20N30s- C1gH26N30s-
formula OsReS ReS0.5H,0 ReS0.5CH,OH ReS
fw 582.68 577.66 570.65 582.68
cryst syst monoclinic  monoclinic triclinic triclinic
space group C2/c P2/c 1 1

Unit Cell Dimensions
a(h) 38.994(2)  15.945(2) 7.6603(5) 7.956(3)
b (A) 14.7085(10) 10.9504(15) 7.8808(5) 11.833(4)
c(A) 14.6254(10) 12.2394(16) 16.6154(12) 12.129(4)
o (deg) 90.0 90.0 98.181(4) 115.71(2)
S (deg) 94.642(4)  100.451(7) 95.974(4) 94.66(2)
y (deg) 90.0 90.0 98.736(4) 98.50(2)
A3 8360.8(9) 2101.6(5) 973.20(11) 1003.9(6)

T,K 90 115 90 115
z 16 4 2 2
pealc (Q/cP) 1.852 1.826 1.947 1.928
abs coeff 5.947 5.916 6.386 6.191

(mm
20max (deg) 71.2 68.4 82.2 52
Rindices$ 0.028 0.039 0.025 0.045
wR2= 0.063 0.095 0.069 0.091

[1 > 20(1)]°
data/params 19 029/516 7997/253 12 822/257 3910/255

AR = (2IIFol = [Fel)/ZIFol- ®WR2= [Y[W(F,* — FAF/ 3 [W(F,?)7] M2

white powder (24 mg, 41% yield). Crystals obtained by slow

evaporation from acetone were characterized by single-crystal X-ray

crystallography!H NMR (ppm) spectrum in acetordy: 6.93 (s,
2H), 5.20 (b, 1H, N2H), 4.64 (b, 1H, N1H), 3.98 (b, 1H, N1H),
3.46 (m, 2H, CH), 3.28 (s, 2H, CH), 3.10-3.19 (m, 3H, CH),

3.94 (s, 2H, CH), 2.66 (s, 6H, CH), 2.25 (s, 3H, CH), 1.90 (s,
2H, CHp), 1.66-1.75 (s, 2H, CH)).

Results and Discussion

In a modification of the method of Krapcho and Ku#ll,
the monoaddition of the relatively large hydrophobic aro-
matic tmbSQ group to triamines produced hydrophobic
ligands that were readily extracted into &b from water
(with an excess of unchanged triamine remaining in the water
layer). This method afforded a series of triamine ligand
derivatives [H) in sufficient yield and purity for use in
preparing rhenium complexes. These ligand derivatives bind
to the fac-Re(l)(CO} center as tridentate deprotonated
monoanionic ligand& ~, thereby forming complexes with a
neutral core.

X-ray Characterization. Crystal data and structural
refinement details are summarized in Table 1 for new
complexes and in the Supporting Information (Table S1) for
the previously briefly described compound Re(GIONS-
dien),4.42 All of the complexes reported here have a distorted
octahedral structure, with the three carbonyl ligands coor-
dinated facially (Figure 2). The remaining coordination sites

(42) Marzilli, L. G.; Christoforou, A. M.; Maheshwari, V.; Adams, K. M.;
Fronczek, F. R.; Marzilli, P. A. INTechnetiumRheniumand Other
Metals in Chemistry and Nuclear Medicinglazzi, U., Ed.; SGEdi-
toriali: Padova, ltaly, 2006; Vol. 7, pp-38.
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Table 2. Selected Bonded and Nonbonded Distances (Angstroms) and
Bond Angles (Degrees) for Re(C&XmbSQ-N,N-Mexdien) (1),
Re(CO}(tmbSQG-N'-Medien) @), Re(CO)}(tmbSQ-dien) @),
Re(CO}(DNS-dien) @), and Re(CO)XtmbSQ-dipn) (5)

Re(CO}L complex
1 2 3

Bond Distances

4 5

Re-N1 2.2873(19)/2.2880(19) 2.222(4) 2.2247(15) 2.204(3) 2.209(7)

Re—-N2 2.2065(19)/2.2156(18) 2.232(3) 2.2172(15) 2.222(3) 2.249(7)

Re—N3 2.2022(18)/2.2007(17) 2.195(3) 2.1898(15) 2.166(3) 2.197(6)
Bond Angles

N1-Re-N2 78.87(7)/78.15(7) 78.79(13) 78.24(6) 77.48(11) 86.4(2)

N2—Re—N3 75.89(7)/75.45(7) 76.62(12) 75.96(5) 74.42(12) 81.5(2)

N1-Re—-N3 86.79(7)/86.75(7) 84.06(14) 84.06(6) 82.77(12) 84.7(2)

N2—Re-C2 171.57(9)/172.02(8) 173.97(18) 171.58(7)
Nonbonded Distances

171.86(13) 178.8(3)

N1toN2  2.855/2.839 2.826 2.803 2.769 3.051
N2toN3  2.711/2.702 2.702 2.745 2.653 2.903
C4to C7 3.258/3.234 3.169 3.206 3.907
C4Hto C7H 2.156/2.112 1.991 2.027 3.927
C51to C6 2.496/2.497 2.494 2.509 2.494
C5H to C6H 2.256/2.269 2.289 2.291 2.361

are occupied by two $mitrogen amines and one?spitrogen
from a sulfonamido group. Typically, the R€(3) bond
distances, involving the CO group trans to the sulfonamido
group, are not significantly different from those of the other
Re—CO bonds.

Although we found that the aromatic rings facilitated our
efforts to obtain crystals, these rings generally were not

stacked. The closest distance between carbons of two benzen

rings (3.69 A) was found for Re(C@)mbSQ-N,N-Me,dien)
(), in which the two carbons were in the two slightly
different molecules of the asymmetric unit. This distance of
3.69 A is too long to indicate stacking interactions between
the aromatic rings.

(a) Bond Lengths and Hybridization. The average ReN
bond length of~2.2 A (Table 2 for selected bond lengths
and angles of the sulfonamido complexes) found in the

sulfonamido complexes is consistent with distances found

in relevant Re(CQ)complexes containing dien, such as [Re-
(CO)(dien)]Br? The ~0.2 A longer Re-N bonds in Re-
(CO)L compared to relevant PN bonds (e.g., including

terminal amines, 2.063(9) and 2.063(10) A, and the second-

ary amine, 2.002(8) A, of [Pt(dien)CI]¢3) are explained by
the greater radius for Re(l). The R&I1 bond (to the terminal
amine) in Re(CQtmbSQ-N,N-Me.dien) (1) is significantly
longer than the other ReN bonds in1 and the other
sulfonamido compounda—5. This lengthening is attributed
to the bulkiness of the two methyl groups on N1 (fhr
compared to the smaller H group in all of the other
sulfonamido compounds.

The sp nitrogen donors can form shorter RN bonds
than can the sinitrogen donord#*4Typical Re-sp nitrogen

bond lengths range from 2.14 to 2.18 A, as measured in a

number of rhenium structures containing -R¢ bonds
(aromatic spN, e.g. in pyridyl ligands), whereas a typical
Re-sg nitrogen bond length is~2.2 A101L14 The sp-

(43) Britten, J. F.; Lock, C. J. L.; Pratt, W. M. @cta Crystallogr., Sect.
B 1982 38, 2148-2155.

(44) Correia, J. D. G.; Domingos, A.; Santos, |.; Alberto, R.; Ortner, K.
Inorg. Chem.2001, 40, 5147-5151.
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hybridized N3 should affect the-9N3—C7, S-N3—Re, and
C7—N3—Re angles. However, although we have several
structures to compare, the differences between molecules
were generally consistent with expectations for Rg&-sp
nitrogen versus Re-3pitrogen centers; these differences are
small and thus are masked by steric and solid-state effects.

The N-SO, bond lengths for the deprotonated sulfona-
mido group, between 1.561¢3).5902(18) A for complexes
1to 5, are within the relatively broad range forf$0, bonds
(1.5-1.7 A) found in deprotonated sulfonamides bound to
a metal (e.g., Cu, Zn, and Ni§:2*

(b) Bite Angles. The N1 to N2 and N2 to N3 distances
within five-membered chelate rings in the Re(GOXom-
plexes have a narrow range of values (Table 2). The distances
of about 2.7 A are similar to relevant distances in complexes
with higher-valent metal centers (e.g., rhenium(V) and
platinum(I1)) with shorter M-N bonds (2 A) (e.g. in [Pt-
(dien)CI]CI, the N to N distances average about 2.723A).
The combination of the long ReN bonds (compared to other
M—N bonds) and typical N to N distances results in more
acute values for NRe—N chelate-ring bite angles (less than
90°) and for trans N-Re—C angles (less than 180(Table
2). For complexes with five-membered rings4), the N2-
Re—N3 bite angle (N3 is part of the sulfonamido group) is
smaller (74.42-76.62) than the Nt-Re—N2 bite angle

77.5-78.9). These values are significantly smaller than the
espective bite angles, 82.8nd 86.4, in Re(CO}(tmbSQ-
dipn) (5), as expected from the large six-membered rings in
this complex. Nevertheless, these anglesSfare less than
that (~89.5) for Re(CO}(N,N,N,N'-tetramethyl-1,3-propyl-
enediamine)Bf® Although the methyl groups cause the
Re—N bonds to be very long (2.3 A), the latter complex
also has a very long N to N distance (3.25 A), explaining
the large bite angle.

(c) Chirality and Conformation of Chelate Rings. For
1, 2, and3, the pucker of the two chelate rings has different
chirality. As mentioned, a different chirality for the pucker
of each dien chelate ring is found most offér’? Because
the ligands in this study are unsymmetrical, we report
chirality combinations by giving the pucker chirality of the
ring with the terminal amine, followed by that of the ring
with the sulfonamido group. Also, we specify the absolute
configuration because the unsymmetrical nature of the ligand
creates asymmetric central nitrogen (N2) and rhenium
centers. Specifically, this combination fbr-3 is A6 for the
enantiomer with the S absolute configuration (determined
by the absolute configuration at N2, Figure 3). In contrast,
both chelate rings of Re(C&{PNS-dien) @) have pucker
with the same chirality (both for the S configuration). This
less-common situation with the same pucker chirality for both
rings also occurs in the Re(C§)ANH)complexest! The
meridionally coordinated ligand in the pseudo-square-planar
Pt(tmbSQ-N,N-Me.dien)Cl complex (work in progress) has
the oA chirality combination (S absolute configuration at the
central nitrogen).

(45) Horn, E.; Onai, &Z. Kristallogr—New Cryst. Struct2001, 216, 75—
76.
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® 5 R1 = CH2CHaN1NH2
R R
\ ’\/ @ or CH2CH2N1NMe2
R2 = CHoCH2N3SOatmb
R3 l R3=Hor CH,
Re

Figure 3. Absolute configuration. When the structure is viewed with the nonchelate ring substituent on N2 projecting away from the viewer (left), the
absolute configuration at N2 (left) and rhenium (right) is designated to be S for a counterclockwise trace for the other nitrogen substituemtsRiheni
and R) according to higher priority as shown. When the trace is clockwise the absolute configuration is R.

Figure 4. lllustration of the shorter C4 to C7 nonbonded distances for complex8gdifferent pucker chirality) compared to compléxsame pucker
chirality). Note the similarity of the C5 to C6 nonbonded distances. Also shown are the positions of the C4 and C5 atoms relative-tB¢hé\R blane
(red line) and the C6 and C7 atoms relative to the-lR&—N3 (blue line) plane.

In an early study based on IR data, Schmidtke and that X-ray structures of complexes more frequently have
Garthoff?® determined that théo or A1 combination was  different chirality in the two rings. In particular, one pca
the most favorable for facial coordination of diethylenetri- study on X-ray structures from the Cambridge Structural
amine in complexes of several metals (Cr, Co, Rh) and Database (CSD) showed that 74 fragments had &he
proposed that steric effects of the hydrogens of the ethylenechirality combination, 16 fragments had tié chirality
chain would also favor the&é or A1 combination. We combination, 18 fragments had thé chirality combination,
compared selected nonbonded distanced fo4 (Table 2) and 18 enantiomeric fragments had fiiechirality combina-
involving chelate-ring carbons and hydrogens on these tion3° This study agreed with earlier pca studi# This
carbons projecting toward the center of the triangular face overwhelming evidence for a predominance of structures with
occupied byL . Whether the pucker chirality of the two different pucker chirality is surprising, given that the
chelate rings in a given complex is the same or different, distances between hydrogens or carbons on the two rings
the C5 to C6 (Figure 4) and C5H to C6H distances are not (Table 2, Figure 4) are clearly shorter than the sum of the
very different. In contrast, when the chirality of the two van der Waals radii both for carbon (3.4 A) and for hydrogen
chelate rings is the same, the C4 to C7 (Figure 4) and C4H (2.4 A)26 This proximity leads to steric repulsion between
to C7H distances are larger than when the chirality is rings, as suggested by Schmidtke and Gartfioifdditional
different. For example, the C4 to C7 distance fosame studies are needed to clarify factors influencing pucker, but
chirality) is 3.9 A, whereas the respective distance for at this time it seems reasonable to assume in designing
complexesl—3 (different chirality) is~2 A. radiopharmaceuticals with th&#"™Tc(CO) label that the

It is obvious from Figure 4 that the distance from C4 to pucker chirality of the rings will be different.

C7 is much larger when the pucker chirality is the same in  Solution Behavior. (a) Trimethylbenzyl Group Rota-
both rings, as it is in compled, compared to when the tion. In the X-ray structures of the tmsulfonamido
chirality is different, as it is in complexed—3. Our complexes 1, 2, 3, and5) the 3 and 5 protons and the 2 and
observations appear to support the early suggestion of6 methyl groups of the tmbSQyroup are not equivalent.
Schmidtke and Garthoff and thedd andA4 combinations

should be favored. However, later literature surv&$&ind (46) Bondi, A.J. Phys. Cheml964 68, 441—451.
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When modeling software is used to rotate the tmb group Table 3. SelectedH NMR Chemical Shifts (ppm) of
i ; i Re(CO}(tmbSQ-N,N-Mezdien) (1), Re(CO}(tmbSQ-N'Medien) @),
around the SC bond, beginning with the solid-state structure Re(CONtmbSO-dien) @2’ Re(COYDNS-dien) @, and
of 3, clashes are observed between the methyl groups and &e(co)tmbsa-dipn) ©)2
CH, group of the chelate ring. F@&; the distance from C7

to C16 (of the CHgroup in position 2) becomes as short as

Re(CO}L complex

~1.9 A, much less than the sum of the van der Waals radii il z 3 # >

6 TR i DMSO4d
for tyvo carbons (3.4 A¥S The resulting impediment to N1HB/Me 296 330 348 359 3.30
rotation about the SC(tmb) bond should lead to well- N1HA/Me 2.96 546 522 521 525
separatedH NMR signals. Indeed, in Re(Cei)mbCO-dien, N2H 6.77 6.76 6.79 5.81
(tmbCO-dienH = N-[2-(2-aminoethylamino)-ethyl]-2,4,6- acetoneds
trimethylbenzamide, unpublished work), where the tmb is  N1HB/Me 3.10 3.87 3.98 4.09 4.00
. : ; N1HA/Me 3.11 4.94 4.75 477 4.66
linked through a deprotonated amido group instead of a yaq 6.17 6.17 6.23 5.20

sulfonamido group, théH NMR signals of the 3 and 5 a Assignments of the NH signals @f 4, and5 were made by analogy
protons and the 2 and 6 methyl groups of the tmbCO group iy, signals for3 assigned by COSY spectra.

are separate, consistent with the expected slow rotation from

a similar comparison using modeling software. However, groups of2—5 each have one downfield-shifted NH signal
even at low temperature, these titbNMR signals are not  with a normal shift between 5.21 and 5.46 ppm, which is
resolved for the tmbsulfonamido complexes. (THel NMR comparable to the shifts (5.35.66 ppm) of the respective
spectrum of1 (acetoneds) recorded at—90 °C has no  NH signals of the NH group in Pt(DNSH-dien)Cl and [Pt-
significant differences from the one recorded at Z%) (dien)CI]CI26 The upfield-shifted NH signal oP—5 is

Further examination of the possible rotations around th€ S petween 3.30 and 3.59 ppm, which~4.5 ppm abnormally
and N3-S bonds in the tmbsulfonamido Complexes reveals upf|e|d Compared to the NH Signa|s of p|at|num(||) com-

that concerted rotations about both of these bonds can allowp|exes.
the tmb group to rotate more freely. In particular, if the N\ A H—1H COSY experiment foB in combination with
bond is rotated by~56°, the tmb group can rotate freely torsion angles allowed the assignment of the NH signals.
around the SC(tmb) bond, and the closest distance between (Taple S3 in the Supporting Information for X-ray structural
C7 and C16 (of the Ckigroup in position 2) is~3.2 A; data for torsion angles between the protons on N1 and C4).
slight changes in bond angles should increase this d'StanceAccording to the Karplus equatidfiwhen the torsion angle
The structures af—5 indicate considerable conformational penyveen two protons is 90no coupling is observed between
freedom around the NS bond (cf. Figure S2 in the the two protons¥) = ~0 Hz); a maximun?J is observed
Supporting Information). In contrast, the-NC bond in the (3J = ~9.5 Hz) when the torsion angle is 180For Re-
relatively planar amido group has more _double—bond char- (COX(tmbSQdien) @), the NH; signals are correlated by a
acter than the NS bond of the sulfonamido group. These COSY cross-peak. Also, the downfield N1H signal is coupled
features limit the CO group to only two favorable orienta- {5 poth C4H signals, whereas the upfield N1H signal is
tions, and in both orientations, serious clashes are observe¢oypled to only one C4H signal. The HBI1—C4—H4B
when the tmb group is rotated around the @tmb) bond.  tgrsjon angle is~80° for 3 (Table S3), predicting a weak
In addition, the sulfonamido group has longer bonds- @\ N1HB—C4HB COSY cross-peak, whereas the HiX1—
and S-C) compared to the respective bonds{® and  c4-H4A torsion angle is~157 (close to 186) for 3,
C—C) of the amido group in Re(CEYmbCO-dien). There-  predicting a strong NIHAC4HA COSY cross-peak (cf.
fore, we believe that synchronous rotations about the Ionger,:igure S3 for numbering, in the Supporting Information).
N—S and S-C bonds can explain the relatively free rotation The H1B-N1—C4—H4A and H1A-N1—C4—H4B torsion
of the tmb group, especially because the sulfonamide groupangies are both similar for both compounds, and the N*HB
is known to be in relatively faster rotation than the amide c4HA and N1IHA-C4HB cross-peaks were of similar size.
group?’ o ) Therefore, the downfield Nibignal can be identified as H1A
(b) NMR CParacterlzatllon of Re(CO)sL (L~ = tmbSO- (anti to the sulfonamido group) and the upfield Nsignal
N,N-Medien™, tmbSO,-N'-Medien™, tmbSO,-dien™, DNS- 35 H1B. The reasons that the NH1A signal fof5 has a
dien™ and tmbSO,-dipn~). The Re(CO)L complexes were  normal shift and the N1HB signal has an unusually upfield
characterized by NMR spectroscopy (Table 3) in different ghift are unclear, and further investigation is required.
solvents (DMSGds and acetonek). For a given solvent, (c) Reactions of Sulfonamido ComplexesJnder neutral
the shifts of the respective NkHand N2H signals were  gnditions (DMSOdg/D,0 250uL/550 uL, pH = 7.70), no
similar in all of the complexes reported here. For complexes change was observed in the NMR signals of3, even after
2—5 with a terminal qmino group, the NH signals of this days. When a DMS@s solution of3 (3 mM) was made
group have a separatio (ppm) of between 1 and 2 ppm  pasic (dien, 10 equiv), no change was observed intthe
in DMSO-ds. In general, terminal amino groups in platinum - \R signals of3, even after the solution was heated-&0
complexes have two separate signals witlAappm of ¢ for 16 h. Thus,3 is stable under neutral and basic
between 0.1 and 0.3 Specifically, in DMSOd,, the amino  qngitions, and a good ligand such as dien did not replace

(47) Lyapkalo, I. M.; Reissig, H. U.; Schafer, A.; Wagner,tely. Chim.
Acta 2002 85, 4206-4215. (48) Karplus, M.J. Am. Chem. S0d.963 85, 2870-2871.
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the tmbS@G-dien ligand. Within minutes after sulfonamido fonamido group in these complexes can act as a potential
complex3 (4 mM) was dissolved under acidic conditions anchor for bioconjugation, indicating that this class of
(DMSO-dg/1 M HNO3z, 6004L/20 uL, final [H*] = 0.3 M), tridentate ligands should be useful in the development of
the 'H NMR spectrum was recorded. The sulfonamide NH radiopharmaceuticals witf®Tc(CO); label. The dangling
signal appeared, (7.53 ppm), the N2H signal shifted upfield group connected through the sulfonamido bond undergoes
(5.65 ppm), and the N1H signals moved downfield (5.41 free rotation on the NMR time scale, even at low temperature.
and 4.08 ppm). Similar results were observed when complex post complexes reported here have different chirality in each
5 was dissolved in the same acidic conditions; a downfield ¢pelate ring, even though less-severe steric clashes are
sulfonamide signal appeared (7.76 ppm), the N2H signal expected when both chelate rings have the same chirality.
(5.29 ppm) and the N1H signal (5.03 ppm) shifted upfield, \ye find in published and in our ongoing studies that the
and the second N1H signal was under the water signal. Thesgg|ated amido complexes are much more difficult to synthe-
NMR data |nd|f:ate that the s.ulfona.mldo nitrogen dissociates size, consistent with the paucity of related amido complexes
upon protonation, and the ligand is now bound to fae in the literature. In contrast, the sulfonamido group has

Re(CO} moiety in a bidentate fashion through N1 and N2. o : .
Bidentate binding for the DNS-dienH ligand has been somewhat S|m|Iar chem|s'try,' and more use of this group
should be made in coordination chemistry.

reported in the Pt(DNS-dienH)Ctomplex?® Comparisons

of the *H NMR spectrum for the latter complex to those  Acknowledgment. This investigation was supported in
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the signal of the central NH is substantially upfield in the
bidentate ligand compared to the tridentate ligand. A similar ~ Supporting Information Available: Synthesis details, crystal
relationship of the NH shifts has been reported for Re@CO) data, and structural refinement for Re(G@NS-dien) @). Crystal-

complexes of an NNN ligantf. lographic data for Re(CQYmbSQ-N,N-Mezdien) (1), Re(CO})-
] (tmbSQ-N'-Medien) @), Re(CO}(tmbSQ-dien) @), Re(CO}-
Conclusions (DNS-dien) @), and Re(COYtmbSQ-dipn) (5) in CIF format.

The tridentate monoanionic sulfonamido ligands studied Distances of ethylene chain carbons to theRé-N plane, selected
here bind to théac-Re(CO} core, giving an inner coordina- torsion angles (deg), IR CO-stretching absorptionslfeb. This
tion sphere with a neutral charge. In strongly acidic condi- material is available free of charge via the Internet at http://
tions, the sulfonamido group dissociates with protonation, pubs.acs.org.
giving a monocationic inner coordination sphere. The sul- 1IC700594A
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